A diode-pumped cryogenic-cooled nanosecond Yb:YAG regenerative amplifier based on the disk concept has been developed and used in a joule-class MOPA laser system. The output pulse energy is more than 11 mJ at a 10 Hz repetition rate at 163 K. An excellent energy stability of 1.8% fluctuations is achieved.
Introduction
Nowadays, diode-pumped solid-state lasers (DPSSLs) are considered as efficient amplifier systems for ultra-short laser pulses with high repetition rates. Worldwide, several ambitious laser projects such as MERCURY [1] , LUCIA [2] , HALNA [3] and POLARIS [4] are developing diode-pumped amplifier systems intended for output pulses with expected energies of 100 J or more. These laser systems are either designed as direct diode-pumped lasers, or as pump sources for Ti:sappahire lasers and optical parametric chirped pulse amplification (OPCPA) for the shortest pulse durations [5, 6] . Currently, in the development of lasers one of the primary problems is the thermal effect induced by the heat load in the laser medium, which leads to lower beam quality and thermal fracture of the laser material. Moreover, the required number of diode lasers is the budget driving factor in scaling of high-energy DPSSL systems. In order to saturate the absorption with a minimized number of diode lasers and maintain good beam quality, a long fluorescence lifetime and excellent thermal properties of the gain medium are desired.
Yb:YAG crystal is one of the most promising laser materials for high-energy and high-average-power diodepumped lasers. It has a simple electronic level structure with only two levels, 2 F 5/2 and 2 F 7/2 [7] , and thus avoids excited-state absorption, up-conversion and concentration quenching. Additionally, Yb:YAG crystal can be easily grown with high quality and high doping concentration [8] . Thus the laser medium can be thin and therefore will have improved cooling efficiency, which is important for a high-power and high-repetition-rate DPSSL. Finally, it has an upper-state lifetime of ∼1 ms and a wide absorption bandwidth of about 18 nm (FWHM) [9] , which is suitable for laser diode pumping. However, due to its quasi-three-level scheme the major drawback of ytterbium-based gain media is the high pump intensity required to overcome the absorption at the laser wavelength [10] . Therefore, efficient pulse energy extraction requires a high fluence which tends to approach the damage threshold fluence for nanosecond pulses at room temperature. The quasi-three-level nature of this material can be overcome by using the material under cryogenic cooling conditions. The benefit of cooling Yb:YAG is a significant increase in the emission cross section [11] ; further, the thermo-optic coefficient, thermal conductivity and thermo-optic coefficient are improved at low temperatures [12] [13] [14] [15] ; these factors are preferred especially for high-average-power operation.
In this paper we have developed a diode-pumped cryogenic-cooled nanosecond Yb:YAG disk regenerative amplifier used in a joule-class MOPA (master oscillator power amplifier) laser system. More than 11.05 mJ is obtained for 7.5 ns pulse duration at 10 Hz repetition rate; the overall gain Figure 1 . Scheme of the diode-pumped MOPA laser system with a cryogenic Yb:YAG. exceeds 10 7 with an optical conversion efficiency of ∼6%. An excellent energy stability of 1.8% fluctuations is achieved with excellent beam quality (M 2 < 1.2). To the best of our knowledge this is the best stable nanosecond regenerative amplifier at 10 Hz repetition rate. Figure 1 shows the scheme of the joule-class MOPA laser system. It consists of an oscillator, a pulse shaping system, a regenerative amplifier, a pre-amplifier, a main amplifier and an SHG system. The oscillator is a continuous-wave (CW) single longitudinal mode distributed feedback fiber laser with 10 mW output power. The output is sliced with a 10 ns temporally square pulse after the pulse shaping system. A pulse with low-energy (120 pJ) is used as a seed pulse of the regenerative amplifier. The regenerative amplifier is designed for amplification to ∼11 mJ at 10 Hz. The amplified pulse is sent to the unsaturated, four-pass pre-amplifier. With an input energy of 10 mJ (some regenerative amplifier output energy is lost in the Faraday isolator), the pre-amplifier produces an output energy of ∼800 mJ. The main gain module is operated as a double-pass amplifier, increasing the output energy to 6 J. The MOPA is utilized to generate second harmonics using KDP crystals, and the SHG crystal is operated at 50% conversion efficiency without any coating damage, to produce more than 3 J of green energy. Due to the high overall gain of the regenerative amplifier, the subsequent cryogenic-cooled Yb:YAG amplifier chain performance depends critically on the regenerative amplifier output-beam stability and near-field quality.
Experimental setup
A schematic diagram of the regenerative amplifier with a cryogenic-cooled Yb:YAG disk is shown in figure 2 . The seed pulse is injected into the regenerative amplifier after matching the spatial mode of the seed beam to the eigenmode of the TEM 00 cavity with a telescope. To protect the seed laser system from the much higher energy regenerative output leakage that naturally propagates in the reverse direction, a dual stage optical isolator (consisting of a thin film polarizer, a Faraday rotator and a half-wave plate) is used. The laser cavity of the amplifier resonator is a folded, linear one with a whole cavity length of 3 m, consisting of two flat mirrors. A lens with a focal length of f = 3.5 m is placed inside the cavity to make a stable cavity resonator and compensate the thermal lensing effect. A KD*P-Pockels cell, λ/4 plate and a thin film polarizer are used for seed pulse trapping and amplified pulse dumping. When the seed pulse passes through the Pockels cell, a quarter-wave voltage is applied to the Pockels cell. After the pulse has been trapped in the resonator and has been amplified in the cooled Yb:YAG disk for approximately 20 round trips, the Pockels cell voltage is switched off. A 400 µm-core fiber-coupled laser diode is used as a quasi CW pump source and strongly focused onto the Yb:YAG disk through the lenses. The central wavelength of the diode emission is 937.5 nm. The pump duration is 1.8 ms, and the repetition rate is 10 Hz with a maximum pump power of 120 W. The pump beam is focused into the laser crystal through a dichroic flat mirror. The spatial profile of the pump beam on the laser crystal has a nearly Gaussian profile with 2 mm, which results in a maximum pump intensity of 6.37 kW cm −2 . The laser material is a 10 at.% doped Yb:YAG disk with a size of 10 mm × 3 mm. One end face of the disk is coated for high transmission at the pump and lasing wavelengths and directly contacted to the indium foil, while the opposite end face has an antireflection coating for the pump wavelength. The laser material is mounted on a copper holder attached to a liquid nitrogen cryostat in vacuum, as shown in the inset of figure 2. The disk is uniformly cooled through the transverse surface, which is in contact with heat sinks cooled by liquid nitrogen to remove the heat generated in the disk. This open cycle cooling approach vents gas to the atmosphere after the nitrogen has passed through the heat sinks, removing heat from the disk. An indium foil placed between the disk side faces and the heat sinks provides efficient thermal contact. A temperature monitoring unit is buried in the holder near the disk. The stability of the temperature controlled by the heater is ± 0.2 K at the maximum pump power.
Results
The output pulse energy of the regenerative amplifier increases quasi-linearly with increasing peak power of the pump beam, as shown in figure 3 . An output pulse energy of 11.05 mJ is obtained with 19 round trips at a pump power of 103 W. The optical-optical efficiency is 6%. More pump power is not supplied in order to avoid optical damage. The output-energy fluctuations are <1.8%, measured over a 2 h period, as shown in figure 4 .
The beam spatial profile is measured by a CCD camera, as shown in figure 5 . The beam quality is a Gaussian profile, as indicated by M 2 of 1.18 and 1.14 for the horizontal and vertical directions, respectively. A slight ellipticity of the output pulse may be caused by thermal effects. Thermal lensing and the resulting phase distortions in the gain medium influence the output stability of the regenerative amplifier. In addition, the thermally induced birefringence in the gain medium, which can perturb the linear polarization of the laser pulse, induces additional losses at the polarizer. We calculate a temperature distribution of the Yb:YAG disk as shown in figure 6 . Because the pump light is focused in the middle of the disk, the temperature decreases along the length direction, when going outwards from the center. Furthermore, the temperature gradient along the thickness direction of the disk increases because the bottom surface of the disk is cooled by a heat sink at 163 K. At 10 Hz repetition rate, the maximum temperature is up to 172.6 K at the center of the Yb:YAG disk. Both the thermal lens effect and gain loss due to re-absorption in the quasi-three-level laser system can be observed; they are not significant problems for the laser characteristics. Square pulse distortion (SPD) of 1.35 has been measured at the maximum output energy and the pulse duration decreases to 7.5 ns from 10 ns, as shown in figure 7.
Conclusion
In conclusion, we have demonstrated a highly stable cryogenic-cooled Yb:YAG nanosecond regenerative amplifier successfully integrated into an MOPA laser system. More than 11 mJ output energy is obtained at 10 Hz repetition rate at 163 K with 1.8% energy fluctuations and excellent beam quality (M 2 < 1.2). The optical to optical conversion efficiency is 6% with an overall gain exceeding 10 7 . Such a highly stable, multi-mJ, multi-Hz range Yb:YAG regenerative amplifier provides a new concept for high-pulse-energy operation with a high repetition rate in an inertial fusion energy (IFE) driver and is useful as an optical parametric chirped pulse amplification pump source.
